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Abstract

Resolving the genealogy of life—the phylogenetic relationships that describe
the evolutionary history of species—remains one of the great challenges of
systematic biology. The recent proliferation of DNA sequencing technolo-
gies has sparked a rapid increase in the volume of genetic data being ap-
plied to phylogenetic studies. Single nucleotide polymorphism (SNP) data,
ubiquitous genetic markers once considered reserved for population genetic
studies, are now being applied in phylogenetics research at deep evolu-
tionary timescales. The potential for SNPs to resolve contentious phyloge-
netic problems while researchers also investigate population demographics
is promising, yet serious challenges remain with respect to data collection,
assembly, modeling, and analysis. The low cost and ease of collecting SNPs
suggest that they will remain an important source of genetic information for
inferring phylogenies across time periods ranging from the Anthropocene
to the Cretaceous.
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Single nucleotide
polymorphism
(SNP): asingle
base-pair difference
among chromosome
sequences

Orthologous:
SNPs that are related
through shared

common ancestry

Restriction site
associated DNA
sequencing
(RADseq):

a method to discover
and screen SNPs

in a reproducible
subsection of the
genome, yielding

thousands of SNPs per

individual
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1. INTRODUCTION

A single nucleotide polymorphism (SNP) is an orthologous nucleotide position that is variable
across the genomes under study. SNPs are the result of mutations that produce base-pair differ-
ences among chromosome sequences. Their high abundance and genome-wide distribution make
them a valuable source of genetic variation for studies of population demography, adaptation, and
genome evolution (Brumfield et al. 2003, Morin et al. 2004). Recently, SNPs have started to play
an increasingly important role in phylogeographic and phylogenetic studies at much deeper evo-
lutionary timescales. Economical solutions for collecting comparative genomic data are always at
a premium in molecular systematics, and in this regard SNP data are a practical choice compared
with alternative methods that are more time-consuming and expensive.

Empirical phylogenetic studies using SNPs have become commonplace across diverse taxa
and studies ranging from vertebrate adaptive radiations (Wagner et al. 2013), recent insect di-
versification (Emerson et al. 2010), recalcitrant phylogenetic relationships (Eaton & Ree 2013,
Herrera & Shank 2016), and phylogeographic structure of pathogens responsible for infectious
disease in humans (Filliol et al. 2006). The exponential growth of such studies over the past two
decades (Figure 1) is a clear indication that the scientific community is interested in using SNPs
for phylogenetic inference and that the number of such studies will continue to grow.

New data collection techniques are driving the proliferation of SNPs in evolutionary and sys-
tematic studies. Methods for the de novo sequencing and identification of SNPs, such as restriction
site associated DINA sequencing (RADseq) and genotyping by sequencing (GBS) methods, are in-
creasingly popular in ecology and evolution (Baird etal. 2008, Seeb etal. 2011, Ree & Hipp 2015).
Key attributes that make these methods appealing include their low cost, ease of implementation,
applicability to nonmodel species, and scalability to large sample sizes. These factors have helped
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Figure 1

Increase in the use of single nucleotide polymorphism (SNP) data in phylogenetics as indicated by the
number of articles published annually. The citation search was conducted using Google Scholar on
January 10, 2017, using the exact search phrases “SNP” and “phylogeny” and with at least one of the words
“evolution” or “systematics.” Searches were run for each year individually for the past 30 years.
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researchers acquire SNPs, and thus scale up to genome-wide data, for studies that were typically
conducted using conventional DNA sequencing (Schuster 2007).

What differentiates SNP phylogenetics from traditional approaches that use gene sequences?
Although SNPs are not fundamentally different from sequence data—they share the same ba-
sic unit, the nucleotide—the manner in which data are collected has important ramifications for
data analysis. DNA sequences are linear strings of nucleic acids composed of two general types
of characters once they are aligned to one another: constant and variable characters. SNP data
acquisition typically circumvents, either biochemically or bioinformatically, the sequencing of
constant characters. This acquisition bias leads to data composed exclusively of variable charac-
ters (SNPs), either as a direct result of the data collection strategy, or after bioinformatics steps
selectively remove the constant characters. Acquisition bias is problematic because it can lead
to extreme overestimation of evolutionary rates and inaccurate topologies, branching times, and
support values (Lewis 2001, Leaché et al. 2015a).

What does the future hold for the utility of SNP data in phylogeographic and phylogenetic
analysis? What are the advantages and disadvantages of SNPs versus traditional DNA sequence
data? Do empirical and simulation studies agree on how broadly SNPs can be applied across the
genealogy of life? How do new methods for estimating SNP phylogenies compare, and what are
the circumstances that make one method more suitable compared with another? Our goal is to
review the relevant literature and discuss where the field of phylogenetics currently stands on these
open questions.

2. ADVANTAGES OF SNP PHYLOGENETICS

Phylogenetic questions are not limited to specific taxonomic ranks or geological periods of time.
They span a continuum from recent divergences at the phylogeographic level (Hickerson et al.
2010, Edwards et al. 2016a) to ancient diversification among the major lineages of life (Hinchliff
etal. 2015, Hug et al. 2016). Therefore, the importance of selecting the most appropriate type of
data for addressing a specific phylogenetic question has remained at the forefront of study design
issues in systematics (Harris et al. 2014, Streicher et al. 2016). The current use of SNPs for widely
diverse research questions suggests that they are suitable for addressing a wide range of questions
across broad evolutionary timescales.

The ability to quickly and easily collect large numbers of SNPs without a significant investment
in genomic resources is appealing to researchers studying nonmodel species (Nieto-Montes de
Oca et al. 2017). RADseq methods in particular are among the most cost-effective approaches
available (Ree & Hipp 2015). Although costs are dropping, sequencing whole genomes remains
prohibitively expensive for studies of nonmodel systems. RADseq circumvents this problem by
sampling small but widely distributed genomic sequences. The general protocol of a RADseq
experiment involves restriction enzyme digestion of a genome, followed by size selection, adapter
and barcode ligation, and sequencing. Advantages of RADseq data include the wide dispersion of
SNPs across chromosomes, affordability and ease of data collection, high read overlap resulting
in deeper sequencing coverage, and the overall high information content (Harvey et al. 2016).
Other popular methods for collecting phylogenomic data typically require either transcriptome
data (Portik et al. 2016) or genome alignments for developing probe sequences (Faircloth et al.
2012), either of which adds substantial cost and time to a project.

A long-standing tradition in the field of phylogeography is the determination of the phyloge-
netic relationships among distinctive populations within species (Avise 2000). Gene sequences
with high variability and rapid coalescence times are well suited for this purpose (Zink &
Barrowclough 2008). However, accurate phylogeographic inference requires thorough analyses of
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Acquisition bias:
distorting the
characteristics of data
during collection or
postprocessing

Coverage: the number
of reads that include a
given nucleotide in the
reconstructed
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Sequence capture:

a technique for
isolating and
sequencing preselected
regions of the genome,
typically with the aid
of probe sequences
that complement the
genes of interest
Linkage: the
inheritance of SNPs
owing to their close
proximity to one
another on a
chromosome

Allelic dropout
(ADO): biased
sampling of alleles
because of mutations
at enzyme recognition
sequences
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multiple independent genetic markers because any single locus is only a single sample from highly
stochastic ancestral (or genealogical) processes (Degnan & Rosenberg 2009). The accuracy of im-
portant population parameters, including population size, divergence times, and migration rates,
increases when more loci are sampled (Felsenstein 2006). Phylogeographic studies have therefore
capitalized on the large numbers of loci afforded by SNPs to estimate population histories in fine
detail (Reitzel et al. 2013).

Phylogeographic studies using SNPs typically contain more loci compared with studies using
traditional Sanger sequencing or sequence capture protocols. An evaluation of published phylo-
geographic data sets showed a sharp increase in the number of SNPs per study starting in 2013 and
predicted that the median number of SNPs per data set for studies published by the end of 2016
would approach 20,000 (Garrick et al. 2015). In addition to providing more data for resolving
difficult and/or recent phylogenetic relationships, these larger data sets also provide greater preci-
sion for population genetic parameter estimates (Harvey et al. 2016). Another benefit of SNPs is
the fact that they can help alleviate the concern of intragenic recombination—given that a SNP is
a single nucleotide, there is no possibility for intragenic recombination. Traditional phylogenetic
methods using gene sequences typically assume that the alignment is free from recombination and
that each site evolved along a single, shared genealogy. However, recombination can produce a
mosaic of different genealogies across the sites of a sequence alignment, and precautions must be
taken to prevent alignments from containing recombination break points, which can mislead re-
sults (Posada & Crandall 2002). This does not free SNPs from the assumption that they are either
on different chromosomes or far enough apart on the same chromosome that their genealogies are
effectively independent (i.e., any linked SNPs must still be phased). Many studies are confronting
the issue of linkage by mapping SNPs to full genomes (Kawakami et al. 2014, Sutherland et al.
2016).

3. SNP DATA STRUCTURE

3.1. Hierarchical Missing Data

Collecting orthologous SNPs from across distantly related species can be a challenge, and the
problem becomes more pervasive at deeper evolutionary timescales. As a consequence, a pattern
that has emerged from phylogenetic studies utilizing SNPs is that the amount of missing data
increases with the number of loci and the sample size (Wagner et al. 2013). This missing data
problem is a result of the data collection procedure; methods that rely on the conservation of
restriction enzyme cut sites to isolate and sequence orthologous DNA fragments (such as RADseq)
will fail to sample a locus if a mutation occurs in the enzyme recognition site. This problem, known
as allelic dropout (ADO) (Arnold et al. 2013), predicts that fewer loci will be recovered that
overlap across more distantly related species (Figure 2). The ADO problem is especially relevant
to RADseq methods because the presence of polymorphism within the restriction site will make it
impossible to observe the associated SNP allele in all samples. The opposite problem also occurs,
where nontarget loci are unintentionally processed and sequenced owing to nonspecific restriction
enzyme cutting (star activity). An empirical study of the zebra finch (Taeniopygia guttata) found that
thousands of extra loci resulted from star activity, although their low sequencing depth precluded
large negative consequences on subsequent phylogenetic inference (DaCosta & Sorenson 2014).

The problem of ADO can occur across taxonomic scales ranging from populations, to species,
to clades, because mutations in restriction enzyme recognition sequences will be inherited. For
example, by coding missing data as a presence-absence polymorphism, DaCosta & Sorenson (2016)
demonstrated that the pattern of missing data in RADseq data contains phylogenetic signals. This
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Figure 2

Characteristics of single nucleotide polymorphism (SNP) data quantities derived from restriction site associated DNA sequencing
(RADseq) methods. (#) Allelic dropout causes a sharp decrease in the recovery of orthologous SNPs between distant relatives. The
phylogenetic tree characterizes a typical pattern encountered with RADseq data collection methods: Close relatives tend to share many
SNPs, whereas far fewer are shared among more distant relatives. Deciding the amount of acceptable missing data at a locus is an
important aspect of SNP analyses. In general, practitioners can modulate the amount of missing data in a data matrix by applying a
penalty to the minimum number of individuals that are required to have data at a locus in order to include that locus in a final data
matrix. () The number of SNPs recovered declines drastically as more individuals are required to have data at each locus. As the
minimum number of individuals is decreased, the penalty against missing data is relaxed, and the number of SNPs increases
exponentially. This pattern is typical of real data (Wagner et al. 2013). The data presented here are adapted from empirical data for

phrynosomatid lizards (Leaché et al. 2015a).

genealogical bias in the recovery of loci has important ramifications for population-level and
phylogenetic inferences.

At the population level, ADO will produce biased estimates of common summary statistics
li.e,, , 0, Tajima’s D, and Fsr (Arnold et al. 2013)]. The frequency of ADO has been derived
analytically (Gautier et al. 2013); ADO within a population depends on the mutation rate per
nucleotide scaled by the effective population size parameter, theta (6 =4Neu). Simulation work
has shown that ADO will overestimate genetic variation both within and between populations
and that the bias is most severe for large effective population sizes (Gautier et al. 2013). This
counterintuitive result is explained by the fact that ADO tends to remove a portion of high-
frequency alleles, which causes an increase in the minor allele frequency (MAF) and thus an
overall inflation of heterozygosity (Gautier et al. 2013).

Promising new data collection methods are available that appear to be more robust to ADO
(Ali et al. 2016, Hoffberg et al. 2016, Suchan et al. 2016). These new methods are best classified
as hybrid approaches that capitalize on the advantages of both RADseq and sequence capture.
In general, these methods begin by developing a library of RAD loci using one or more high-
quality samples and then design baits or probes to target specific loci in subsequent hybridization
enrichment procedures. The result is a data collection strategy that still targets large numbers of
RAD loci but circumvents ADO by targeting the sequence of the entire locus instead of a short
restriction enzyme recognition sequence. One empirical study of a clade of plants endemic to the
European Alpine system (Primula sect. Auricula) reported a 20% decrease in missing data using
this approach (Boucher et al. 2016). These methods also have the potential to enable researchers
to begin gathering genomic sequence data from museum specimens (Yeates et al. 2016, Linck
etal. 2017), where natural degradation of DNA sequences precludes standard library preparation
procedures (Hykin et al. 2015).
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Ascertainment bias:
analysis bias from
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made during data
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most variable loci

Gene tree:
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Gene tree
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3.2. Random Missing Data

Itis possible that the prevalence of ADO is overstated in the literature by empirical studies and that
it is not the leading source of missing data. One empirical study found that sequencing effort had
a more significant impact on patterns of missing data than ADO (Eaton et al. 2015). A subsequent
comparison of 10 empirical data sets supported the idea that insufficient or uneven sequencing
coverage can account for similar levels of missing data as ADO (Eaton et al. 2016).

3.3. Ascertainment Bias

SNP data collection techniques that rely on probe sequences targeting regions found to vary in
an initial survey of a small number of samples (a panel) can suffer problems related to ascertain-
ment bias, as any variants not present in this initial survey are typically missed (Kuhner et al.
2000, Nielsen 2000, McGill et al. 2013). This panel approach will create a bias toward SNPs that
have alleles at intermediate frequencies. All downstream analyses will assume that the SNPs are
a random sample of variable sites across the genome. So, any result that is supported by patterns
of alleles at intermediate frequency would be suspect. Ascertainment bias can affect the inference
of admixture proportions and population histories, both of which are important aspects of phy-
logeographic inference (McTavish & Hillis 2015). Some phylogeographic studies have tried to
minimize ascertainment bias by using RADseq methods to discover genome-wide variation across
a wide panel of samples and then select a subset of SNPs of interest for subsequent genotyping
assays that can process thousands of samples. This approach is particularly appealing in threatened
or endangered species, where reproducible SNP genotyping of large numbers of samples can help
monitor and manage species (Shafer et al. 2015, Garner et al. 2016, Stetz et al. 2016).

4. THE PHYLOGENETIC UTILITY OF SNPS

4.1. Computer Simulation Studies

Several computer simulation studies have evaluated whether SNPs can provide accurate and robust
phylogenetic results for groups as old as 60 million years (Rubin et al. 2012, Cariou et al. 2013).
These studies obtained RADseq data from mammals, Drosophila, and yeast using an in silico
method, whereby data are harvested from sequenced genomes using software processing pipelines
that mimic the steps of the molecular lab procedures. One study used published genomes of
23 primates to conduct a standardized comparison of four phylogenomic methods, including
several RADseq techniques and sequence capture (Collins & Hrbek 2015). The study found
that most data conflicts were associated with a difficult clade comprising a rapid diversification
and emphasized the importance of accurately modeling heterogeneous data, such as gene tree
heterogeneity. The ability to reconstruct the known phylogenies for these groups sets an important
benchmark regarding the expected accuracy of SNPs in groups that have not been previously
studied and for which there is no existing phylogeny for comparison.

The in silico restriction digest experiments using real genome data are useful, but there is an
advantage to conducting simulations where the true tree and branch lengths are known. Simula-
tions of contrived data under fabricated evolutionary histories are useful for quantifying potential
biases. The few simulation studies conducted to date have challenged our conventional wisdom
regarding issues related to the effects of missing data on phylogenetic accuracy.

ADO can bias estimates of population genetic parameters at shallow scales (Arnold et al. 2013),
which suggests that phylogenetic inference should also be sensitive. A simulation study by Huang
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& Knowles (2016) showed that ADO has effects other than reducing the amount of data available
for analysis. Specifically, loci with high mutation rates were the most likely to be missing, and
the authors therefore cautioned against removing data, which could result in biasing the data in
favor of loci with low mutation rates. However, loci with large amounts of missing data tend to
produce discordant topologies with increased branch length errors (Leaché et al. 2015a). More
work is needed to develop objective methods for evaluating and selecting missing data thresholds
that avoid negative consequences for phylogenetic analysis.

4.2. Empirical Studies

Comparative studies of SNPs versus gene sequences collected for the same set of samples provide
a powerful approach for directly comparing and evaluating phylogenetic performance of different
types of data. Though few studies of this nature are currently available, those that exist span a
fairly wide range of divergence times and therefore are helpful in understanding the consequences
of marker choice on phylogenetic inference. They show that there is typically large disparity in
the number of SNPs obtained versus gene sequences, and even when all segregating sites are
mined from the gene sequences, the SNPs still outnumber the gene sequence variation by orders
of magnitude (Harvey et al. 2016). However, several major obstacles to comparing gene sequences
with SNPs exist, including assembling equivalent data sets for balanced comparisons, identifying
phylogenetic methods that can handle both types of data without making simplifying assumptions
that can bias the results, and identifying how to best measure accuracy and performance. In general,
comparative studies have concluded that SNPs and gene sequences produce broadly concordant
topological results. However, the results can be sensitive to the assumptions used during data
assembly (Leaché et al. 2013, Harvey et al. 2016, Manthey et al. 2016).

Harvey etal. (2016) investigated the utility of SNPs versus gene sequences among populations
of birds (genus Xenops) that began diversifying approximately 5 million years ago. The data were
collected using RADseq for SNP loci and sequence capture of ultraconserved elements (UCEs)
for gene sequences (Smith et al. 2014). The SNP loci outnumbered the gene sequences by two
orders of magnitude (SNP loci =158,329; gene sequences =1,358). Despite drastically different
data set attributes, the estimates of genetic distances, population sizes, and phylogenetic trees were
quite similar.

Another avian study compared a clade of 11 species in the bird genus Piranga that diverged
approximately 6 million years ago (Manthey et al. 2016). This study found that SNPs (1,128) and
gene sequences (UCEs; 189 loci) supported the same species level phylogeny. An interesting aspect
of this study was the decision to compare species trees estimated using only parsimony-informative
SNPs (singleton SNPs were removed) and UCEs containing at least 10 parsimony-informative
sites. Phylogenetic analyses of SNPs that only include parsimony-informative sites may produce
reliable topologies (but see Allman et al. 2010), but removing certain sites (singletons) should bias
other parameters of the species tree, including population sizes and divergence times. A compara-
tive study of phylogenetic relationships estimated using sequence capture data and SNPs for a clade
of North American phrynosomatid lizards included divergences as old as 50 million years (Leaché
etal. 2015b). The study found congruent phylogenetic relationships when comparing the largest
data sets (584 gene sequences versus 2,670 SNPs); however, the phylogeny estimated from the SNP
data was sensitive to the thresholds used for locus assembly, paralog detection, and missing data.
The conflicts among the SNP trees were restricted to short internal branches of the phylogeny.
This observation matches the conclusions of Collins & Hrbek (2015) and further underscores the
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Concatenation:
joining independent
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importance of continuing to explore the relationships between data assembly assumptions and
phylogenetic inference, particularly when addressing difficult phylogenetic questions.

5. METHODS FOR ESTIMATING SNP PHYLOGENIES

5.1. Concatenation

Data concatenation entails stitching SNPs together end-to-end to construct one exceptionally
long super locus (Figure 3). The process of data concatenation does not produce a phylogeny.

a SNP data matrix

locus1 locus2 locus3 locus4 locus5

species1_a A T C G A

species1_b A T G G A

species2_a T T G G G

species2_b A C C T G

species3 A C C T G
b concatenation C SNAPP d svDquartets
Super locus Biallelic SNPs
species1_a = ATCGA... species1l_a  0000T1... >_<

species1_b | ATGGA... species1_b ~ 00101...
species2_a = TTGGG... species2_a 10100...

species2_b | ACCTG... species2_b = 01010...
species3 ACCTG... species3 01010... >—<
sp3  spla splb sp2a sp2b sp3 sp1 sp2 sp3 sp1 sp2

/

+ Population sizes
+ Divergence times
+ Posterior probabilities

Figure 3

An overview of single nucleotide polymorphism (SNP)-based phylogenetic methods, including
concatenation, SNAPP (SNP and amplified fragment length polymorphism phylogenies), and SVDquartets
(singular value decomposition for quartets). (#) A SNP data matrix containing one SNP per locus for three
species; two of the species (species] and species2) are represented by multiple individuals. () Concatenation
stitches independent loci together, and as a result, the outcome from a phylogenetic analysis will resemble a
typical gene tree where the samples for each species are represented as tips in the phylogeny. This process
violates the assumption that different genes have independent histories. (c) Coalescent-based species tree
methods, including SNAPP, account for incomplete lineage sorting and provide phylogenetic trees with
species at the tips and not individual samples. Coalescent methods also provide population size and
divergence time estimates, as well as posterior probabilities for species trees. (d) The SVDquartets method
estimates a species tree by exhaustively sampling all combinations of four taxa from the data matrix (or,
heuristically, for exceptionally large numbers of samples), inferring a tree for each quartet, and then using a
quartet assembly algorithm to combine all sampled quartets into a species tree.
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Instead, the concatenated data are analyzed using a variety of phylogenetic inference approaches,
including distance methods, maximum parsimony, maximum likelihood, or Bayesian inference.

Concatenation remains a commonly used method for estimating SNP-based phylogenetic
trees, although the method suffers from many shortcomings. Concatenation is problematic be-
cause it ignores incomplete lineage sorting, and in doing so it assumes that all SNPs share the
same coalescent history. This simplifying assumption is unjustifiable (Edwards et al. 2016b). A
fundamental advantage of and motivation for collecting multilocus data (including SNPs) is to ob-
tain independent genealogical samples for measuring important population parameters, including
divergence times, population sizes, and species relationships (Edwards & Beerli 2000, Rannala &
Yang 2003), and concatenation essentially reduces the number of independent samples to one.
"This massive reduction in variance can lead to serious problems, including overestimated support
for phylogenetic relationships (false precision), and a bias toward incorrect trees (low accuracy)
(Liu et al. 2015, Xu & Yang 2016). When estimating phylogenetic trees, it is better to have an
accurate result that is imprecise compared with a precise result that is inaccurate (Swofford et al.
2001).

However, when concatenation is necessary, studies suggest it is better to apply this method
to the original sequence alignments from which the SNPs were extracted. Removing constant
sites results in acquisition bias that can inflate branch length estimates and, in extreme cases,
produce an inaccurate phylogeny (Leaché et al. 2015a). Providing the analysis with the empirical
frequencies of constant sites requires trivial additional computation time and can help alleviate
some significant branch length estimation biases (Leaché et al. 2015a).

5.2. Bypassing Gene Trees

New methods are available for inferring species trees without the requirement of first (or si-
multaneously) estimating gene trees for each locus. The methods implemented in SNAPP
(SNP and amplified fragment length polymorphism phylogenies) (Bryant et al. 2012) and PoMo
(polymorphism-aware phylogenetic model) (De Maio et al. 2013, 2015a; Schrempf et al. 2016)
offer innovative full-likelihood approaches to inferring species trees directly from SNP data. In
addition to some of the benefits common to all SNP-based methods mentioned above (no phas-
ing of haplotypes and no intralocus recombination), both of these methods offer a very important
computational benefit: They analytically integrate gene trees out of the equation. As a result, these
methods do not have to numerically sample all the parameters associated with the genealogies of
all loci, many of which are strongly correlated. For other methods that rely on gene sequences and
gene trees, the large number of correlated parameters greatly limits the number of loci that can be
analyzed (but see Chung & Hey 2017). However, bypassing gene trees allows SNAPP and PoMo
to reconstruct moderate-sized species trees (approximately 20 species) from very large numbers
of SNPs (thousands of loci) in reasonable time (tens of hours).

SNAPP and PoMo both modify the state space of nucleotide substitution models from single
nucleotides (i.e., A, C, G, or T) to encompass sets of alleles or allele counts (e.g., 7 As and 3 Ts).
This allows both methods to model state changes due to mutations and drift. SNAPP uses a
reverse-time coalescent model, which allows it to use the number of sampled alleles within each
population to constrain the possible allele counts for ancestral populations. However, the number
of possible allele counts can get very large toward the base of trees with many taxa, because all the
alleles sampled at the tips that descend from the branch must be included (even if the probability
that none of the alleles have coalesced this deep in the tree is small, it is still not zero). PoMo
uses a forward-time Moran model to derive the probabilities of state changes due to drift. This
requires the state space of possible allele counts to encompass a whole population of alleles (not just
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the sampled alleles). Although this virtual population of alleles can be quite small (*10; Zeng &
Charlesworth 2009, Schrempf etal. 2016), it can still adequately explain the site patterns generated
from a much larger biological population.

In contrast, the number of possible allele counts in the virtual population is very large. Unlike
the SNAPP model, however, it remains the same size for all branches of the tree. Nonetheless,
both methods use a large matrix to describe the rates of change among the different allele-count
states due to either mutation or drift. By exponentiating these large matrices, they can determine
the probability of change between any two allele-count states across a branch of a given length,
while effectively integrating over all possible genealogies and mutational histories.

SNAPP and PoMo make some limiting assumptions to reduce the number of possible allele
counts that need to be considered. Currently, the SNAPP model only accommodates biallelic
characters (Figure 3). This introduces some arbitrariness about how to reduce SNPs from four
states to two states. If the rates of mutation between the two states are assumed to be equal, this is
not a problem. However, if the mutation rates are allowed to vary, then the likelihood is sensitive
to how the nucleotides at each site are coded as binary. Furthermore, any sites with more than
two nucleotides observed are not allowed. In contrast, the PoMo model accommodates all four
nucleotides. But to do so, it must assume that drift is fast enough (the effective population size is
small enough) relative to the mutation rates such that a second mutation at the same site does not
occur prior to the fixation or loss of the previous mutation. As a result, any sites for which there
are more than two nucleotides within a species are not allowed. These will obviously be much
rarer than sites that have more than two nucleotides across all species, which are not allowed in
SNAPP’s biallelic model.

Although both models can condition on collecting only variable characters, neither method
corrects for discarding sites with two or more nucleotides within a species (PoMo) or across
species (SNAPP). This can introduce an additional source of bias. Another difference between the
methods is that SNAPP allows each branch of the species tree to have its own population size,
whereas PoMo constrains all the population sizes to be equal.

A final class of methods in this broad category uses diffusion approximation to model the drift
of allele frequencies within and among populations (Pickrell & Pritchard 2012). An advantage
of diffusion approximation is the ability to infer migration among populations. However, the
simplifying assumptions about mutation, and the conditions under which the diffusion approxi-
mation holds, limit the appropriateness of these models to very shallow timescales. As a result, the
applicability of these approaches to phylogenetics is currently limited.

5.3. Quartet Methods

SVDquartets (singular value decomposition for quartets) is a quartet-based method to generate
a species tree (Chifman & Kubatko 2014) (Figure 3). The method assumes that each SNP has
an independent history given the species tree, and it is therefore considered a coalescent method
similar to SNAPP (Bryant et al. 2012). Specific details of the method are provided by Chifman &
Kubatko (2014) and Xu & Yang (2016). SVDquartets leverages recent advances on the algebraic
geometry of site pattern probabilities on trees under continuous-time Markov chain models of
sequence evolution. One advantage of this method is its statistical robustness under very general
models of molecular evolution and the coalescent (Chifman & Kubatko 2015). It is also a statis-
tically consistent estimator of the species tree, even when there is variation in evolutionary rates
and effective population sizes (Long & Kubatko 2017).

SVDquartets has several advantages over other coalescent methods for estimating species trees.
First, the method is fast, and it produces a species tree with estimates of uncertainty from a
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bootstrapping procedure in a matter of seconds to minutes, depending on the size of the data
set. Second, by subsampling quartets of species from a SNP data matrix, the problematic issue
of missing data is largely circumvented, because some data will typically be present at a locus for
each of the four samples included in the quartet. Finally, a study by Eaton et al. (2016) using a
combination of simulation and empirical data showed that the quartet approach has the potential
to provide more information for relationships deep in a phylogeny compared to those at the
tips, which challenges the notion that the utility of SNP data decreases at deeper phylogenetic
levels.

6. PERSPECTIVES

We predict that SNP-based phylogenies will continue to grow in popularity. The number of
studies using SNPs for phylogenetic inference is growing rapidly (Figure 1), yet many questions
remain to be addressed regarding their utility in this context. Investigators should work toward
distinguishing between sources of missing data (ADO versus insufficient sequencing effort), testing
the influence of modeling assumptions on phylogenetic inference, and surveying the sensitivity
of results to assembly parameters. Such studies will help increase the rigor of SNP-based phylo-
genetic inference and should help stimulate the continued development of useful new methods.
Additionally, there are currently too few comparative studies of SNPs, both empirical and in sil-
ico, versus other types of markers, or comparisons of different inference methods. More studies
combining empirical data and simulation approaches will be an important part of understanding
their relative benefits and biases. Finally, the development of methods that can integrate SNPs
with other data types will increase their relevance in a field where integrating multiple genomic
markers is an increasingly crucial part of attempting to describe the genealogy of life.

FUTURE ISSUES

Early suggestions by Rubin et al. (2012) and Cariou et al. (2013) that SNPs can provide
accurate phylogenies for groups as old as 60 million years have now been put to the testacross
a wide variety of organisms (Leaché etal. 2015a, Eaton etal. 2016, Herrera & Shank 2016).
Systematic biologists have made steady progress toward determining the limits of SNP
usefulness and have identified problems and solutions for SNP phylogenetics. Many of the
current challenges associated with SNP data are well characterized, and below we provide
a list of areas that are in need of further investigation. We predict that SNP phylogenetics
will benefit from developments across a broad array of areas that include data collection,
data analysis, modeling and analysis, and data integration.

1. New data collection methods: Many current methods for collecting SNP data are efficient
and cost effective, but they produce large amounts of missing data. A significant portion
of nonrandom missing data is attributable to ADO (Arnold et al. 2013), which is expected
to bias phylogenetic analyses (Leaché et al. 20152). New data collection methods that
combine the benefits of RADseq with those of sequence capture are promising because
they appear to be more robust to ADO (Ali etal. 2016, Boucher etal. 2016, Hoffberg etal.
2016, Suchan et al. 2016). Phylogenetic studies of large clades that are likely to contain
relatively ancient divergences stand to benefit greatly from these new data collection
methods.
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2. Extension of current methods: It is important to continue developing methods and soft-

ware packages that extend existing approaches to accommodate SNP data. Phylogeo-
graphic and phylogenetic inference typically requires the estimation of gene trees (Brito
& Edwards 2009). However, methods that rely on gene genealogies are not typically
compatible with SNPs. Creative new solutions for SNP phylogenetics that bypass gene
trees have been developed (Bryant et al. 2012, De Maio et al. 2015a), and these methods
can be adapted for new applications, such as species delimitation, to further increase the
utility of SNPs (Leaché et al. 2014).

. New models: Methods that analytically integrate out gene trees (e.g., SNAPP and PoMo)

are very promising, but there is room for greater generality in these models. For exam-
ple, instead of reducing the data to biallelic sites, the models could accommodate the
primary sequence data. Also, these methods depend on exponentiating very large rate
matrices, which can slow down computation on large phylogenetic trees. Speeding up
these computations will be necessary to make these methods applicable to very large
trees.

. Migration: There is a need for phylogenetic inference methods that can estimate rates

of gene flow between populations or species. Phylogeographic studies in particular stand
to benefit from such methods, because these investigations typically involve structured
populations and/or multiple species for which reproductive isolation is incomplete. Allele
frequency methods can help identify directions of gene flow among populations (Pickrell
& Pritchard 2012), but the analytical machinery necessary for estimating a species tree
with gene flow under a coalescent model has yet to be developed for multiple loci and
species (De Maio et al. 2015b).

. Tree space: Phylogenetic data often contain support for multiple, distinct phylogenetic

trees (Sanderson etal. 2011). Careful inspections of phylogenetic tree space are necessary
to investigate whether or not any subsets of the data support different phylogenetic trees.
Such discrepancies can be an indicator for important biological processes, such as in-
complete lineage sorting, hybridization, gene flow, or recombination. Data visualization
methods, including partitioned RAD analysis (Hipp et al. 2014), are now available for
exploring tree space with SNP data (Escudero et al. 2014). However, computer simula-
tion studies are needed to help clarify the interpretation of these visualizations, because
it is possible that different evolutionary processes could produce the same phylogenetic
patterns.

. Comparative studies: More detailed comparisons, using simulated and real data, between

SNP trees and trees estimated from gene sequences are needed to gain a more thorough
understanding of the benefits and limitations of SNPs. Additionally, a more compre-
hensive understanding of the impacts of data assembly parameters on SNP phylogenies
would help us understand how bioinformatics decisions can potentially bias phylogenetic
inferences. Ideally, a synthesis of multiple comparative SNP studies that span a wide range
of divergence times could reveal some general best practices for assembling SNP data.
SNPs are a promising source of data for resolving contentious phylogenetic relationships,
and solving the current challenges pertaining to data structure, computational demands,
and modeling assumptions is an important area for future research.
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